In accordance with the requirements of modern metrology [1], it is necessary to present measurement results with their estimated standard or expanded uncertainty [1, 2, 3, 4, 5] . Hence, in all fields of science and technology, such as bearing diagnosis [6] , measurement of electrical quantities [7] and biomedical measurements [8] ; it is necessary to estimate the uncertainty of the measurements.
Introduction
In accordance with the requirements of modern metrology [1] , it is necessary to present measurement results with their estimated standard or expanded uncertainty [1, 2, 3, 4, 5] . Hence, in all fields of science and technology, such as bearing diagnosis [6] , measurement of electrical quantities [7] and biomedical measurements [8] ; it is necessary to estimate the uncertainty of the measurements.
Due to the extensive use of voltage converters in solving various problems of measurement, authors decided to develop a methodology for estimating the uncertainty of these transducers.
The paper presents the methodology for calculating the uncertainty of LEM CV 3-500 voltage transducers.
Two methods for determining the uncertainty of measurement are presented: traditional -the analytical method and Monte Carlo simulation -numerical method.
The analytical method is based on a convolution of the input distribution values, using a mathematical model. In this case, the designated measure of uncertainty is the expanded uncertainty, calculated as the product of the expansion coefficient k and the standard uncertainty value.
The numerical method is based on determining the uncertainty of measurement based on the extension range, which is determined by probability distribution of the measured value quantiles. The parameters of this distribution are: the expected value -as the estimate of the output value, the standard deviation and the confidence interval for a given probability level.
The study
The study was aimed at estimating the LEM CV 3-500 voltage transducers measurement uncertainty.
To estimate the uncertainty of the voltage transducer a measurement system consisting of a Fluke 5500A voltage calibrator and a Keithley 2002 multimeter was designed. A block diagram of the measurement system for testing the accuracy of the CV 3-500 transducer is shown in Fig. 1 The results of these studies allow to specify the uncertainty that can be expected when measuring voltage using a LEM CV 3-500 transducer.
The article presents the results of studies of 2 voltage levels: 50 V and 230 V; at 2 different frequencies: 50 Hz and 500 Hz.
Equations
The transducer output voltage u out is dependent on input voltage u and the transducer conversion ratio k u .:
Voltage measurement variance, assuming there is no correlation between the uncertainties of the measured values, in defined by the following relationship [1] :
Thus, in order to determine the variation of the voltage measurement u 2 (u) the variance of the voltage measurement u 2 (u out ), and the transducer conversion ratio estimation variance u 2 (k u ) have to be assessed. In order to estimate the variance u 2 (k u ) the following should be defined:  calibrator output voltage variance u k and the voltage measurement error resulting from the multimeter limiting error u 2 m was determined as type B variance, based on data provided by the manufacturer in the specification of the calibrator and multimeter, assuming rectangular probability distribution. Multimeter voltage measurement error resulting from the scatter u 2 (u r ) was determined as a type A variance, assuming normal probability distribution [1, 4] .
The transducer conversion ratio k u , according to formula (1) , is determined by transducer input terminals voltage to transducer output terminals voltage ratio [4] . Thus, the transducer conversion ratio estimation is defined: The tests were conducted for 6 frequency values for each of them at 6 different voltage values. The measurements were repeated 50 times. For each option, quantities were calculated in accordance with the relationships (3), (6), (7) and (8) .
Then, based on equation (2), the complex voltage estimation variance u 2 (u) was calculated. In order to estimate the uncertainty, a Monte Carlo simulation was then carried out in Microsoft Excel for M = 10 4 samples. The probability density function of the output voltage u out , its expected value and the confidence interval was determined for a confidence level of p = 95%.
Example results of the calculations of voltage measurement complex variance are shown for 2 values of frequency: 50 Hz and 500 Hz at 2 voltage values: 50 V and 230 V.
Assuming a 95% confidence level and coverage factor k = 2, expanded uncertainty of the voltage measurement U u was estimated: Table 2 . Uncertainty budget estimation for voltage value of 50 V at a frequency of 500 Hz is shown in Table 3 . Table 3 . Uncertainty budget of current estimate for the frequency of 500 Hz and voltage value 50 V Qua ntity X n Quantity estimation
Measurement results for voltage of 50 V at a frequency of 500 Hz, assuming confidence level p = 95% and expansion coefficient k = 2, can be written as: U = (50.00 ± 0.17) V.
An example histogram for u equal to 50.0 V and k u = 0.02 V/V and a frequency of 500 Hz is presented in Figure 5 . Table 4 . An example histogram for u out equal to 230.0 V and k u = 0.02 V/V and a frequency of 500 Hz is presented in Figure 6 . Table 5 summarizes the results of the extended uncertainty estimation using the traditional GUM method and the Monte Carlo simulation. It can be observed, that based on the traditional method results, LEM CV 3-500 voltage transducer measurement uncertainty for 230 V at 50 Hz is equal to 0.20% of the measured voltage value, for 230 V at 500 Hz its 0.14%, for 50 V at 50 Hz its 0.64%, and for 50 V at 500 Hz its 0.34%. Lower uncertainty values can be observed for higher voltage value and higher frequency, that is 230 V and 500 Hz.
It can also be observed, that the uncertainty does not exceed 1.00% of the measured voltage value.
Summary
The article presents the problem of uncertainty estimation for voltage transducers LEM CV 3-500 processing functions using two methods: the method based on the GUM Guide using the law of propagation of uncertainty and the Monte Carlo numerical method.
Considering the results of both methods, it can be observed, that they coincide with each other.
The data obtained from this analysis allows for the estimation of measurement uncertainty for voltage transducers of this type, as well as provide a verification of the estimated uncertainty obtained by the traditional method, using the Monte Carlo method.
It can be concluded, that the estimated uncertainty of the processing function of the analyzed voltage transducer, allows for the validation of its use in measurement of voltage, with a maximal relative expanded uncertainty of 0.64%.
